Objective: To report on the state of the science of clinical decision support (CDS) for hospital bedside nurses. Materials and Methods: We performed an integrative review of qualitative and quantitative peer-reviewed original research studies using a structured search of PubMed, Embase, Cumulative Index to Nursing and Applied Health Literature (CINAHL), Scopus, Web of Science, and IEEE Xplore (Institute of Electrical and Electronics Engineers Xplore Digital Library). We included articles that reported on CDS targeting bedside nurses and excluded in stages based on rules for titles, abstracts, and full articles. We extracted research design and methods, CDS purpose, electronic health record integration, usability, and process and patient outcomes. Results: Our search yielded 3157 articles. After removing duplicates and applying exclusion rules, 28 articles met the inclusion criteria. The majority of studies were single-site, descriptive or qualitative (43%) or quasiexperimental (36%). There was only 1 randomized controlled trial. The purpose of most CDS was to support diagnostic decision-making (36%), guideline adherence (32%), medication management (29%), and situational awareness (25%). All the studies that included process outcomes (7) and usability outcomes (4) and also had analytic procedures to detect changes in outcomes demonstrated statistically significant improvements. Three of 4 studies that included patient outcomes and also had analytic procedures to detect change showed statistically significant improvements. No negative effects of CDS were found on process, usability, or patient outcomes. Discussion and Conclusions: Clinical support systems targeting bedside nurses have positive effects on outcomes and hold promise for improving care quality; however, this research is lagging behind studies of CDS targeting medical decision-making in both volume and level of evidence.
BACKGROUND AND SIGNFICANCE
In our fast-paced and error-laden health care system, 1 with a rapidly changing landscape of health information technology, clinicians rely on a variety of information sources to guide decisions. The design and adoption of clinical decision support (CDS) integrated within the electronic health record (EHR) has been heralded as a method to improve decision-making and thereby ensure care quality and safety. 2, 3 CDS is defined broadly by Teich and colleagues 4 as "providing clinicians (nurses) with computer-generated clinical knowledge and patient related information which is intelligently filtered and presented at appropriate times to enhance patient care." flow and outcomes continues to be refined. Several reviews of CDS targeting medical decision-making highlight the promise of CDS for improving care quality and cost. For example, Bright and colleagues 6 found that the most effective CDS has 4 components: it is designed in line with workflow (P < .001), offers recommendations with assessments (P ¼ .019), provides guidance at the time and location when decisions are made (P ¼ .026), and is computer based (P ¼ .029). Of systems that had all 4 components, 94% showed benefit. 8 As direct providers for much of in-hospital care, nurses make multiple decisions that can be supported by CDS. For example, nurses recognize patient deterioration (which requires situational awareness) and determine which patient conditions have clinical guidelines that apply, which patient receives care first (often as triage in the emergency department), which nursing interventions are appropriate, and what are ways to promote patient-centeredness of medical interventions. Recognition of the role of CDS in RN decision-making began in 2008 when Staggers et al. 9 reviewed computerized provider order entry-integrated CDS used by nurses. They noted that the mechanics of providing decision support for nursing in a computerized provider order entry system had not been well studied to date and concluded that nurses are often viewed as data collectors, not decision-makers. The same year, Anderson and Willson 10 published a metasynthesis on CDS to support nursing (bedside RN and advanced practice nurses such as nurse practitioners) evidence-based practice. Based on the 6 included studies, they concluded that nurses are receptive to CDS, but barriers include poor administrative support, time to learn and implement, and EHR deficiencies that must be overcome to achieve effectiveness. More recently, Piscotty and Kalisch 11 conducted a nonsystematic narrative review that found that alignment with workflow, nurse characteristics (eg, age, experience), and organizational characteristics (eg, vendor support) impacted nurses' use of CDS. Across the published reviews of prescribers' experiences 6, 8, 12 and nursing experience broadly, [9] [10] [11] we identified that there is a need to understand: (a) the use of CDS for the role of RNs as decision-makers, particularly in acute care settings, and (b) the impact of nurse-targeted CDS on outcomes. To address this, we conducted an integrative review of nursing CDS studies.
OBJECTIVE
The objective of this review is to report on the state of the science of CDS targeting direct-care bedside RN decision-making in terms of methodological features, CDS characteristics, usability, and process and patient outcomes.
METHODS
We took an integrative review approach to synthesize the diverse methods and findings across studies, following Whittemore and Knafl's 13 methodology. The advantage of integrative reviews over other review methods is the ability to synthesize literature that uses varying methodologies such as quasi-experimental, experimental, and qualitative in a rigorous and well-defined manner. Including both designs allows us to broadly cover design, testing, and evaluation and is particularly important for CDS research, as many of the studies take a user-centered qualitative design approach in the early stages of research. Figure 1 ), our final sample of 2344 articles was considered for inclusion.
Data sources

Study selection and exclusion criteria
Following PRISMA's guidelines, 14 we identified, screened, and selected papers based on prespecified criteria in 3 stages: titles and citations (1777), abstracts (515), and full-text articles (24) (see Figure 1 ). Title and citation exclusions included not English (28), conference proceeding (644), not exclusively RN-focused (750), not health care (50), and not inpatient acute care (305). We reviewed the abstracts of any articles that did not fit the title exclusion categories. Abstract exclusions included not research (86), review papers (17) , students as only subjects (9), not exclusively RN-focused (133), not health information technology (98), not currently CDS (154), and CDS not patient care-related (18) . We reviewed the full articles of any abstracts that did not fit the abstract exclusion categories. Full article exclusions included not research (4), students as only subjects (1), not exclusively RN-focused (3), not about health information technology (2) , not CDS (4), CDS not patient care-related (2), focus on smart pumps (2), and met previous title exclusion rules (6) . Full articles that did not meet these criteria were included in the analysis. Each round of exclusion (title, abstract, and full article) was assessed by multiple authors initially using a sample of 5-10% of the articles. When disagreements arose, they were resolved by discussion. Multiple assessors were used for 3-4 rounds until interrater agreement was established for each step at 89%.
Data extraction and analysis
We used 2 methods to develop categories for extraction (see Supplemental File 2). First, we used Polit and Beck's Levels of Evidence (evidence hierarchy includes single descriptive through systematic reviews of randomized controlled trials [RCTs]), 15 which is used frequently in systematic and integrative reviews. 16 and assessed interrater agreement in rounds. Once agreement reached 89%, the authors worked independently to extract information into the data form. The data form was then exported into an Excel spreadsheet for analysis. Simple counts were conducted for categorical variables. Narrative variables were grouped thematically by 1 author (K.D.L.), examined independently by 2 authors (S.G. and J.A.), and discussed among all 3 to achieve consensus.
Quality appraisal
Quality appraisal of articles is common in systematic reviews, but is challenging in integrative reviews due to the study design-specific nature of available appraisal tools that make it difficult to apply across multiple designs. To address this challenge, we used a quality appraisal tool for integrative reviews. 20, 21 The tool measures quality and study rigor across 4 criteria: study type, sampling method, data collection method detail, and analysis that has been used in other reviews. 20 The possible score range for this scoring method is 4
(qualitative design, sampling, and data collection not explained, and narrative analysis) to 13 (quantitative experimental design, random sampling, data collection explained, and inferential statistics). 20 As with the previous stages of the review, authors independently scored the articles in rounds until 89% agreement was achieved.
RESULTS
We identified 28 studies that met the criteria for inclusion. We report on the current state of science related to CDS targeted for RN decisions with regard to the methodological features of the research, characteristics of the CDS studied, and CDS outcomes divided into usability and process and patient outcomes (see Supplemental File 3). Methodological features and CDS characteristics are summarized in Figure 2 .
Methodological features
Study purpose and theoretical underpinning. The purpose of the included studies broke out into 4 broad areas: predesign needs assessment or information to validate the knowledge in CDS, [22] [23] [24] predeployment feasibility, 25 comparison to paper-based tools, [26] [27] [28] and evaluation (acceptance, usability, accuracy, and patient and process outcomes).
29-49
Of the 28 articles, a majority (20) did not include theoretical underpinnings. The theories and conceptual models used by the 8 remaining studies included diffusion of innovation, 29 Quality of studies. The quality scores ranged from 5 to 13 (mean 9.5, SD ¼ 2). The most common sampling method was convenience (14), 9 had either purposive, case matching, or random sampling, and 5 did not provide any explanation of sampling. All authors reported information about data-collection methods and tools. Sixteen of the studies reported inferential statistics, 8 used descriptive, and 4 used narrative as their highest level of analysis (See Table 1 ).
CDS characteristics
Study settings and samples. The settings and samples yielded important information about the characteristics of the CDS. The studies were conducted in 5 countries, with the majority (19) Data sources underlying CDS content. We further categorized data sources based on whether the CDS: (1) uses real-time patient-specific information that is pulled in automatically from the EHR, (2) uses real-time patient-specific information that nurses must input into the tool, (3) provides non-patient-specific general nursing advice analogous to a handbook or published set of guidelines, or (4) delivers patient education materials based on nurse input of patient data. Seven studies used real-time patient-specific data that is pulled in automatically from the EHR. 25, 33, 40, [45] [46] [47] 49 Half the CDS tool stud- Usability outcomes. Usability refers to whether the CDS system is easy to learn, use, and remember, has few errors, and is subjectively satisfying. 55 Nineteen studies included 1 or more usability outcomes.
Five studies included global usability (measures that did not specify type of usability, such as the System Usability Scale), 23 [28] [29] [30] 37, 40, 43, 48, 49 and 1 study included memorability (ease with which it is remembered after a period of non-use). 43 In a majority of the studies, measures to assess usability relied heavily on investigator-developed questionnaires that did not specify usability type (13) , with a minority using the Questionnaire for User Interaction Satisfaction (4), the Software Usability Measurement Inventory (1), or the Use of Technology Instrument (1). Only 4 of these studies included quantitative measures, study designs that could demonstrate outcome changes, and inferential statistics to determine whether CDS was associated with improved usability outcomes. 27, 33, 39, 49 Statistically significant improvements were found in subjective satisfaction (4), 27, 33, 39, 49 global usability (1), 49 and value (1). 49 There were no statistically significant decreases in process outcomes in any of the studies. In summary, 4 out of the 4 studies that had designs, measures, and analytic procedures to detect changes associated with CDS demonstrated statistically significant improvement in 1 or more usability outcomes.
Patient outcomes. Twelve studies included real patient data, but only 5 included patient outcomes. 25, 39, 40, 44, 46 Three studies included single patient outcomes: blood sugar regulation, 39 mental status, 25 and potassium regulation. 40 Sawyer (sepsis alert) and Ng measured multiple outcomes focusing on patient resource utilization outcomes such as intensive care unit transfer, in-hospital mortality, length of stay, and post-CDS alert length of stay. 46 Both of the medication management CDS systems showed statistically significant improvement, 1 for blood sugar 39 and the other for potassium regulation. 40 Results on the impact of CDS on resource utilization outcomes were mixed: Ng's study of an emergency department triage tool showed statistically significantly decreased length of stay, 44 but Sawyer's sepsis alert did not show statistical differences in intensive care unit transfers, length of stay, post-alert length of stay, or mortality, despite multiple statistically improved process outcomes (such as antibiotic escalation and oxygen therapy). None of the studies had unchanged or negative-effect patient outcomes. In summary, 3 out of the 4 studies that had designs, measures, and analytic procedures to detect changes in patient outcomes associated with CDS demonstrated statistically significantly improved patient outcomes.
Summary: CDS purpose, data source, and outcomes. The intersection of CDS purpose, data sources, and outcomes is shown in Figure  3 . There were statistically improved outcomes across 5 out of 6 CDS purposes (not: nursing diagnosis support) and 3 out of 4 data sources (not: delivers patient education information based on nurse input of patient data).
Qualitative and secondary findings. In addition to the above outcomes, there were secondary and qualitative findings that inform CDS science. Display of CDS was shown in 4 studies to affect accuracy, treatment efficiency, and adherence to protocol. 27, 33, 39, 49 Anders, the only study to include >1 site, found site differences in overall accuracy and display type accuracy (ie, graph vs table) across the 2 sites. 49 Campion showed that in spite of attempts to automate work, nurses continue to use paper as an intermediary between CDS and the EHR. 36 Lyerla and colleagues 42 found that nurses rate CDS guideline adherence significantly differently by patient characteristics, suggesting that nurses are applying critical thinking and patient-specific knowledge along with CDS to make decisions. Similarly, Lee concluded that CDS enhanced critical thinking. 41 Finally, O'Neil and colleagues 22 found that novice RNs had difficulty making decisions quickly and determining important patient cues.
DISCUSSION
CDS that targets direct bedside RN decision-making shows promise for improving the quality of care. We identified significant improvements in 14 of 15 outcomes measured across 10 studies that included designs and measurement to support this inference. Furthermore, across all 28 studies, no negative effects on process, usability, or patient outcomes were reported. We also found that there were statistically significant improvements across CDS types, except for nursing diagnostic support. The lack of improvement in process or usability outcomes in this particular CDS type is not surprising, since a nurse naturally takes more time to infer a diagnosis from structured terminology compared with using a nonstructured process such as memory. In addition, neither of the studies that supported nursing diagnostic decision-making were designed to determine statistical improvements. 25, 48 Opportunities to strengthen the science and practice of CDS for acute care RNs abound. There is a clear need to increase the sophistication and rigor of the study designs used. A single RCT was found, in contrast to the 186 RCTs identified in a 2012 review of CDS aimed at prescribers. 6 Some of this may relate to the difficulty of randomizing an intervention in work environments that are clustered by units; yet even in lab settings, randomization was missing. Another potential explanation for the paucity of RCTs may be the high cost of conducting trials and Figure 3 . CDS purpose and data source matrix the limited amount of external funding for this area of study. Of the 28 articles included in this review, 13 reported no source of funding. [22] [23] [24] 27, 31, 34, 35, [38] [39] [40] 42, 43, 47 Only 5 studies were funded by the National Institutes of Health. 25, 32, 36, 37, 49 Three were funded intramurally with funds likely insufficient to support a large multisite randomized trial, 26, 33, 48 and 6 were funded from foundations or nongovernmental sources. [28] [29] [30] 41, 45, 46 We also note that all the CDS systems targeted single conditions, such as pressure ulcers or delirium, or processes, such as triage. Even for CDS in early development, we found no studies attempting to analyze EHR data to generate knowledge for nurse decision-making across conditions. Furthermore, only 7 (25%) of the CDS studies were fully integrated in the EHR using real-time patient data to provide decision support. This means that for many CDS systems designed for direct-care RNs, data needed to be entered manually or the system had to be retrieved by opening additional parts of the record. This lack of integration hinders the efficiency of RNs who often have high temporal demands and function as chief coordinators and deliverers of care in acute care settings, and also increases the chance of error. Despite the availability of several psychometrically tested usability measures, 37, [56] [57] [58] [59] [60] of the 19 studies that included usability outcomes, only 5 used measures with psychometric properties, 27, 30, 31, 39, 61 making issues of measurement reliability and validity hard to assess in our review. We found 13 studies that used data-collection instruments developed by their own authors or adapted from items from other questionnaires. Most of these instruments were submitted to face validity only and do not cover all usability attributes such as learnability, efficiency, memorability, few errors, and satisfaction. 50 Moreover, using adapted instruments without carefully attending to the appropriate steps of instrument development/assessment and reporting psychometrics may compromise the real-world impact of the findings. 62 The use of lab settings for assessing usability was limited to 9 studies. Only 1 study reported using statistics of the CDS system. 31 No studies were found that addressed the continuum of CDS development (design, prototype testing, iterative design improvements, testing in actual clinical environments), and usability overall was constrained by low integration of nursing CDS within the EHR. This suggests that some CDS systems targeting RN decision-making may be used in practice without rigorous testing and refinement to optimize usability. Finally, with the limited number of studies funded externally, it is possible that research dollars are spent on CDS prototype development that is never funded for testing in actual practice.We were surprised and disheartened to see the small number of articles (2 studies) that addressed user-centered design incorporating rapid cycling of formative design and testing, long considered the foundational level of engineering usability to optimize technology's design, usability, and usefulness. Similarly, simulation studies that use realistic simulated tasks, clinical environments, and decision-making for summative testing were sparse (4 studies). In addition to predicting effectiveness in clinical practices, such studies can shed light on unintended consequences of CDS before deploying it live, to allow such consequences to be identified and mitigated. We also found that very few studies were guided by theory or conducted to develop theory in this area. Theories used in 8 (29%) of the total studies were diverse, including feminist perspectives, diffusion of innovation, implementation frameworks, novice clinical reasoning model, sociotechnical theory, and the user, function, representation, and task analysis (UFuRT) methodology. We believe that use of theories could accelerate advancements in this field, as others have noted. 63 
LIMITATIONS
While efforts were made to uphold rigor for an integrative review, limitations are worth noting. We limited our inclusion criteria to papers published in English and thus did not capture research published in other languages and clinical but unstudied/unpublished CDS. Papers with similar research that did not use our broad search criteria may have been automatically excluded during the initial search. Our exclusion rules also caused us to miss some CDS systems that may have been developed for acute care registered nurses. Importantly, because we focused on published peer-reviewed articles, the state of CDS practice in real-world settings is not clear and likely reflects a broader use of CDS that has not infiltrated the published literature. This exclusion rule also meant that we excluded conference papers (eg, AMIA Symposiums) unless they were also published in peer-reviewed journals. However, excluding conference papers is a common practice in reviews because of the difficulty in assessing the adequacy of peer review. We also note that there may be CDS systems that are used by multiple members of the health care team, including RNs, and papers about the effects of EHRs in general, rather than a particular CDS, that were excluded. While all categories we excluded could represent topics that play a needed role in improving patient outcomes and care efficiency, these studies were excluded to align with the study's purpose to focus on findings from research of CDS targeting the decisions direct-care bedside acute care registered nurses make independently.
Finally, after evaluating several other scoring methods, we note weaknesses in the method selected. The strength of this method is its ability to score both qualitative and quantitative studies, 21 but we note that this method did not appropriately weigh the degree of rigor in qualitative studies. This resulted in a lower average quality score for some of the included studies than may be appropriate.
CONCLUSIONS
CDS is used in acute care environments to support direct care nursing decisions with nearly consistent positive effects on outcomes. However, lagging behind counts and the complexity of studies of physician use of CDS, the small number of funded studies identified in this review suggests an increasing and immediate need to allocate research dollars to support nursing CDS research, perhaps outside of the already marginally funded National Institute of Nursing Research budgets. The science of CDS targeting nurses as decisionmakers can be greatly accelerated by increasing multisite research, using common outcome measures, and developing a collaborative central repository for tracking and reporting results of CDS projects to strengthen the collective knowledge.
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